The ideal aortic valve substitute in young and middle-aged adults remains unknown.
A ortic valve replacement remains the only therapy that has been shown to improve the natural history in patients with severe symptomatic aortic valve disease. 1, 2 However, young and middle-aged adults with diseased aortic valves constitute a challenging population. Owing to a longer life expectancy, these patients present a higher cumulative lifetime risk of prosthesis-related complications. Because of their proven durability and ease of implantation, mechanical prostheses are the most frequently used option in this patient group. 3 Recent evidence suggests better long-term survival in young and middle-aged adults who undergo aortic valve replacement with mechanical prostheses compared with biologic prostheses. 4, 5 However, mechanical valves are thrombogenic and require lifelong anticoagulation, exposing the patient to a continuous hazard of bleeding and thromboembolic events. Recent studies have reported excess mortality in young adults undergoing mechanical aortic valve replacement compared with the age-and sex-matched general population. 6 Replacement of the aortic valve with a pulmonary autograft and placement of a homograft in the pulmonary position (Ross procedure) was first described by Donald Ross in 1967. 7 In addition to alleviating the need for anticoagulation, this procedure remains the only aortic valve replacement operation that provides continued long-term viability of the aortic valve substitute, thus allowing adaptive remodeling and conferring a hemodynamic profile similar to that of the native aortic valve. 8 After an initial wave of enthusiasm in the early 1990s, use of the Ross procedure has declined markedly over the last 2 decades owing to concerns over the perceived complexity of this operation, which is felt by many to increase surgical risk and lead to high rates of reintervention due to autograft failure. 9, 10 In addition, patients who undergo the Ross procedure are also at risk of late homograft failure, although this problem is increasingly managed using percutaneous approaches in the current era. 11-13 Thus, there is equipoise regarding the ideal aortic valve substitute in young and middle-aged adults. Our aim was to compare early and late outcomes in adult patients who undergo the Ross procedure vs mechanical aortic valve replacement.
Methods

Search Strategy and Selection Criteria
We conducted a systematic review and meta-analysis in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses and Meta-analysis of Observational Studies in Epidemiology guidelines (eTable 1 in Supplement 1). 14, 15 We systematically searched Ovid versions of MEDLINE (January 1, 1967, to April 26, 2018) and EMBASE classic (January 1, 1967, to April 26, 2018; search performed on April 27, 2018) for relevant studies using the following text word search in the title or abstract: ("Ross" OR "autograft") AND ("aortic" OR "mechanical"). We also searched bibliographies of included studies. We imposed no language restrictions. We included all randomized clinical trials and observational studies comparing the Ross procedure to the use of mechanical prostheses in adults undergoing aortic valve replacement. Studies were included if they reported the primary outcome (ie, all-cause mortality) or any of the prespecified secondary clinical outcomes: operative mortality, perioperative complications, late complications (reoperation, stroke, major bleeding, endocarditis), echocardiographic outcomes at follow-up (mean aortic valve gradient, left ventricular ejection fraction), or quality of life. Studies were excluded if no clinical outcomes were reported or if data were published only as an abstract. Citations were screened in duplicate by 2 of the authors (A.M. and R.V.R.), and full text review, also in duplicate, was performed to determine eligibility when either screening reviewer felt a citation potentially met inclusion criteria. Disagreements regarding inclusion were reconciled via consensus. When there was overlap between 2 or more studies, we included only the report with the larger sample size, the longer duration of follow-up, and/or the most complete description of the data.
Data Analysis
Three reviewers (A.M., R.V.R., and J.O.F.) independently abstracted data including details of the publication (ie, study authors, enrollment period, year of publication, study design), inclusion/exclusion criteria, demographics of the enrolled patients, description of the interventions used, and outcome definitions and events. Risk of bias in randomized clinical trials (including blinding of participants, method of sequence generation and allocation concealment, intention-to-treat analysis, early trial stoppage for efficacy before planned enrollment completion, and loss to follow-up) and cohort studies (including retrospective vs prospective data collection, concurrent vs historical controls, and comparable baseline characteristics of cases and controls) were formally assessed using the Cochrane Collaboration's Risk of Bias tool for randomized clinical trials and the Newcastle-Ottawa Scale for nonrandomized studies, 16 ,17 respectively, with disagreements resolved by consensus. All analyses were performed using Review Manager (RevMan version 5.2; Cochrane Collaboration) and the DerSimonian and Laird random-effects method, which incorporates between-trial heterogeneity. 18 We assessed statistical heterogeneity among studies using I 2 , defined as the percentage of total variability across studies attributable to heterogeneity rather than chance, and used published guidelines for low (I 2 = 25% to 49%), moderate (I 2 = 50% to 74%), and high (I 2 > 75%) heterogeneity. 19 For perioperative outcomes, relative risks were used to pool binary outcomes. When necessary, we applied a continuity correction factor of 0.5 to allow inclusion of studies with no events in one of the comparator groups but excluded studies with no events in either comparator group. 20 Weighted mean differences were used to pool continuous data. For skewed continuous data, means and SDs were estimated from medians and interquartile ranges or ranges as described by Wan et al. 21 Imbalances in baseline characteristics were also assessed using standardized differences, 22 including correction for small sample bias.
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For long-term outcomes with potentially different follow-up between groups, we pooled incidence rate ratios (IRRs) on the logarithmic scale using the generic inverse variance method. When hazard ratios (assumed to be equivalent to IRRs) were not provided, IRRs for each study were calculated in 1 of 2 ways: (1) using Kaplan-Meier survival curve estimates for each group and the log-rank survival curve P value to estimate the standard error of the logarithm-transformed IRR or otherwise (2) using absolute events divided by patient-years of follow-up (estimated as number of patients per group multiplied by group-specific mean duration of follow-up in years) when group-specific mean follow-up durations were provided, as previously described.
24,25 Individual study and pooled summary results are reported with 95% CIs. Study results were subgrouped by study type: randomized clinical trials vs propensity-score matched or riskadjusted observational data vs unmatched/unadjusted observational data. In cases where observational studies reported both matched/risk-adjusted and unmatched/unadjusted data, the matched or risk-adjusted outcomes were preferentially used in calculating the overall pooled result, if available. Otherwise, the unmatched/unadjusted outcomes were used. This means that studies that report matched or risk-adjusted outcomes for some but not all outcomes appear in the matched/ adjusted subgroup for some outcomes and the unmatched/ unadjusted subgroup for other outcomes.
Results
Our search strategy identified 2919 citations, of which 69 were retrieved for more detailed assessment. Fifty-one studies were excluded following full text review. A total of 18 studies were included in the analysis: 1 randomized clinical trial (5.6%), 26 10 matched/adjusted observational studies (55.6%), 27-36 and 7 unmatched/unadjusted observational studies (38.9%) (eFigure 1 in Supplement 1).
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The selected studies included a total of 3516 patients, of whom 1552 (44.1%) underwent a Ross procedure, and 1964 (55.9%) underwent mechanical aortic valve replacement. Characteristics of the included studies are presented in the Table. Study size ranged from 11 to 692 patients. One study followed up patients only to hospital discharge. The median (interquartile range) average follow-up in the remaining studies was 5.8 (3.4 to 9.2) years (range, 11 months to 14.8 years). The single unblinded randomized clinical trial in this metaanalysis included a small number of patients (20 per group) with a short duration of follow-up (1 year in all patients). Risk of bias in this randomized clinical trial was rated as high owing to the absence of blinding and relatively stringent exclusion criteria (eTable 2 in Supplement 1). Risk of bias in the observational studies is summarized in the eTable 3 in Supplement 1. Five of 17 studies (29.4%) scored higher than 7 of 9 (denoting low risk of bias) on the Newcastle-Ottawa Scale for nonrandomized studies. Inadequate comparability of the 2 study groups (12 of 17 studies [70.6%]) and insufficient length of follow-up (<5 years in 7 of 17 studies [41.2%]) were the 2 most common sources of potential bias. Comparisons of baseline characteristics and intraoperative data between the groups are presented in eTable 4 in Supplement 1.
Compared with patients who underwent mechanical aortic valve replacement, patients in the Ross group had a statistically significant 46% reduction in the primary outcome of allcause mortality (IRR, 0.54; 95% CI, 0.35-0.82; P = .004; I 2 = 28%; 0.05%/y vs 0.10%/y) ( Figure 1) . Similarly, the incidence of valve-or cardiac-related mortality was significantly lower in the Ross group (IRR, 0.42; 95% CI, 0.18-0.97; P = .04; I 2 = 34%; 0.04%/y vs 0.09%/y) (eFigure 2 in Supplement 1). The Ross procedure was associated with lower rates of heart block requiring permanent pacemaker implantation (RR, 0.40; 95% CI, 0.17-0.94; P = .04; I 2 = 0%).
Freedom from any operated valve reintervention was compared between groups. In the Ross group, this included any percutaneous or surgical reintervention on the pulmonary autograft and/or pulmonary homograft. We noted a significantly higher rate of reintervention in the Ross group (IRR, 1.76; 95% CI, 1.16-2.65; P = .007, I 2 = 0%; 0.12%/y vs 0.06%/y) compared with mechanical aortic valve replacement ( Figure 2 ). The Ross procedure was associated with significantly lower rates of stroke (IRR, 0.26; 95% CI, 0.09-0.80; P = .02; I 2 =8%; 0.04%/y vs 0.10%/y) ( Figure 3 ) and major bleeding (IRR, 0.17; 95% CI, 0.07-0.40; P < .001; I 2 = 0%; 0.01%/y vs 0.11%/y) ( Figure 4 ) at follow-up, compared with mechanical aortic valve replacement. The incidence of endocarditis was low and not significantly different between the groups (P = .35) (eTable 5 in Supplement 1). Echocardiographic data were reported in 7 studies. At last follow-up (median average study follow-up, 2.4 years; range: hospital discharge, 5.4 years), patients in the Ross group had significantly lower mean transaortic valve gradients (mean difference, 9.8 mm Hg; 95% CI, 8.0-11.7; P < .001; I 2 = 82%) (eFigure 4 in Supplement 1). There was high heterogeneity between studies regarding the magnitude but not the direction of this difference in mean gradients. A clinically and statistically insignificant improvement in left ventricular ejection fraction at follow-up (median average study follow-up, 2.2 years; range, 1.0-5.4 years) was also noted in the Ross group (mean difference, 3%; 95% CI, −2% to 8%; P = .20; I 2 =78%) (eTable 5 in Supplement 1).
Four studies compared quality of life following the Ross procedure vs mechanical aortic valve replacement using the 36-Item Short Form Survey. Our meta-analysis showed significantly higher scores (ie, improved quality of life) in the Ross group for the subcomponents of bodily pain (P < .001), social functioning (P = .03), and mental health (P = .002) (eFigures 5and6inSupplement 1). All other subcomponents were not statistically different between the groups.
Discussion
To our knowledge, this is the first systematic review and metaanalysis to compare the Ross procedure with mechanical aortic valve replacement in adults. This study included 3516 patients who underwent either the Ross procedure or mechanical aortic valve replacement. The main finding is that the Ross procedure is associated with improved freedom from allcause mortality, largely driven by superior freedom from cardiac-and valve-related mortality. Secondary findings are that perioperative mortality and morbidity are not significantly different between the groups, with the exception of permanent pacemaker implantation, which is higher after mechanical aortic valve replacement. Furthermore, the Ross procedure is associated with lower rates of stroke and major bleeding at follow-up at the cost of a higher rate of reintervention. Quality of life and hemodynamics were enhanced after the Ross procedure. Finally, our systematic review highlighted the paucity of randomized data addressing this question.
The superior freedom from all-cause mortality in patients undergoing the Ross procedure may be explained by 2 main factors. First, in contrast to mechanical aortic valve replacement, the Ross procedure alleviates the need for lifelong anticoagulation through the avoidance of prosthetic valve material. This advantage is particularly significant in young and middle-aged adults who, because of their longer anticipated life expectancy and active lifestyle, present a higher cumulative lifetime risk of prosthesis-related complications.
Second, because the pulmonary autograft is a living structure, it has the potential to reproduce the sophisticated functions of the normal aortic root. Thus, the enhanced survival observed in patients who have undergone the Ross procedure may reflect the beneficial effects of improved hemodynamics on left ventricular health, particularly in this young active patient population. These 2 hypotheses are supported by the observation of a significantly better freedom from cardiac-and valve-related mortality in the Ross group, as well as lower rates of stroke and bleeding, improved quality of life, and lower mean aortic gradients at follow-up. These findings are also in keeping with the results of several contemporary cohort studies with long-term follow-up that have demonstrated excellent survival well into the second postoperative decade after the Ross procedure. [44] [45] [46] [47] [48] [49] [50] The majority of these studies have reported a survival that was similar to that of the age-and sex-matched general population. In contrast, large cohort studies have demonstrated that mechanical valves are associated with excess long-term mortality compared with the matched general population when implanted in young and middle-aged adults.
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While the superior survival observed in patients who have undergone Ross procedure is in large part attributable to the Forest plot comparing all-cause mortality following the Ross procedure vs mechanical aortic valve replacement (AVR). Individual study and pooled incidence rate ratios (IRRs) are also presented separately for the randomized clinical trial, and subgroups of matched/adjusted observational studies, and unmatched/unadjusted observational studies. The pooled incidence rate ratios with 95% CIs were calculated using random-effects models. IV indicates inverse variance weighting; SE, standard error.
unique adaptive and hemodynamic characteristics of the living pulmonary autograft, there is no doubt that careful patient selection is equally important to achieve optimal outcomes with this operation. Although findings from this metaanalysis suggest better outcomes after a Ross procedure, this is not to say that, as a surgical approach, it is definitively superior to a mechanical aortic valve replacement. Instead, they should be seen as 2 treatment options providing very different outcomes, each offering unique opportunities to a given patient depending on their clinical profile and personal preferences. Achieving optimal outcomes therefore requires tailoring the appropriate surgical approach to the individual patient, based on shared decision making and consideration of patient values and preferences. 51 From a technical standpoint, the ideal candidate for the Ross procedure is a young or middle-aged adult with aortic valve disease (ideally aortic stenosis), a small or nondilated aortic annulus (<25-27 mm), normal aortic dimensions, and a projected life expectancy of 10 to 15 years or longer. The operation is of particular benefit to patients with high levels of physical activity, those at risk of patient-prosthesis mismatch, and women contemplating pregnancy. In contrast, for patients presenting with preoperative aortic insufficiency, a dilated aortic annulus and/or aortic/pulmonary annular mismatch, a standard Ross procedure is associated with higher rates of autograft dilatation and need for reoperation. 52 Nevertheless, a number of technical modifications and adjunct measures have been proposed to mitigate the risk of late failure, which are thought to improve the durability of the Ross procedure in these patients. 53 ,54 However, the Ross procedure is contraindicated in patients with familial aortopathy and connective tissue disorder-owing to a prohibitive risk of autograft dilatation and failure-and certain autoimmune disorders (eg, lupus erythematosus, rheumatoid arthritis) as well as in the presence of any associated condition that may limit life expectancy (eg, radiation-induced mediastinal disease, end-stage renal disease).
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It is widely held that the Ross procedure is a technically complex operation and that this increased complexity may translate into greater operative risk. Nevertheless, our meta-analysis suggested equivalent rates of perioperative mortality and morbidity between the Ross procedure and mechanical aortic valve replacement. The only significant difference observed in early outcomes was a higher rate of permanent pacemaker implantation in the mechanical aortic valve replacement group. This difference may be explained by the potential impingement on the Forest plot comparing reintervention on any operated valve following the Ross procedure vs mechanical aortic valve replacement (AVR). In the Ross group, this includes any percutaneous or surgical reintervention on the pulmonary autograft and/or pulmonary homograft. Individual study and pooled incidence rate ratios (IRRs) are also presented separately for the randomized clinical trial, and the subgroups of matched/adjusted observational studies, and unmatched/unadjusted observational studies. The pooled incidence rate ratios with 95% CIs were calculated using random-effects models. Data from the study by Sharabiani et al 34 were extracted from the graphs using a plot digitization software. IV indicates inverse variance weighting; SE, standard error.
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Original Investigation Research jamacardiology.com (Reprinted) JAMA Cardiology October 2018 Volume 3, Number 10 983 conduction system by the rigid sewing ring of mechanical prostheses, which is not present on a pulmonary autograft. Thus, our findings suggest that in dedicated centers, the long-term benefits of the Ross operation do not come at the cost of increased early risk. However, it should be mentioned that as with any complex procedure, outcomes of the Ross procedure are closely correlated with surgical volumes. 56, 57 It follows that this operation should not be carried out sporadically and that an adequate annual volume of root replacement and Ross procedures is required to achieve and maintain competence. The higher rate of reintervention observed in the Ross group can be explained by the risk of late dilatation of the pulmonary autograft, as well as by the potential long-term failure of 2 valves rather than 1, which is considered by many to be the Achilles' heel of the Ross procedure. Fortunately, homograft failure-and the ensuing right ventricular volume and/or pressure overload-is usually tolerated for a long time before requiring reintervention. Furthermore, in the current era, homograft failure is increasingly treated percutaneously using transcatheter valves, therefore obviating the need for open reinterventions.
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There is wide variability in the reported durability of the Ross operation, and certain early series have reported concerning rates of reintervention.
10 However, proponents of the Ross procedure argue that the risk of reintervention may be largely mitigated by subtle technical refinements based on a thorough understanding of aortic and pulmonary root physiology and mechanisms of valve failure. 58, 59 Supporting this notion, several large recently published series have reported low rates of reintervention ranging from 0.5% to 1.0% per patient-year. 44, 45 These technical refinements and improved outcomes notwithstanding, a subset of patients who undergo the Ross procedure will invariably require reoperation, particularly after 15 to 20 years, 46 and it is reasonable to assume this operation will always carry a risk of reintervention that is greater than that of mechanical valves. Our data suggest that this increased risk of reintervention is not enough to counterbalance the potential long-term benefits of the Ross procedure, resulting in an associated net survival advantage.
Strengths and Limitations
The strength of this study is the use of rigorous methodology, including a reproducible and comprehensive literature search, clearly defined inclusion criteria, duplicate citation review, data abstraction, and quality assessment of individual studies. Our systematic review highlights the limited number of published studies and enrolled patients per study. In contrast to the large number of case series describing medium-and long-term outcomes of the Ross procedure and mechanical aortic valve replacement, there is a paucity of comparative data and only a single small randomized clinical trial directly comparing the 2 approaches. Of note, risk of bias in this randomized clinical trial was rated as high, and while its results are presented separately in this meta-analysis, they should be interpreted cautiously in light of the small number of patients included (20 per group) and short duration of follow-up (1 year in all patients). Thus, the results of this meta-analysis are based almost exclusively on observational studies, most of which had baseline differences between the groups. Potential hidden confounders and known patient Forest plot comparing the incidence of stroke following the Ross procedure vs mechanical aortic valve replacement (AVR). Individual study and pooled incidence rate ratios (IRRs) are also presented separately for the randomized clinical trial, and subgroups of matched/adjusted observational studies, and unmatched/unadjusted observational studies. The pooled incidence rate ratios with 95% CIs were calculated using random-effects models. IV indicates inverse variance weighting; SE, standard error. selection factors therefore undoubtedly contributed to the observed differences. Although we prioritized data from matched/ adjusted studies that attempted to correct for these baseline differences, only an adequately powered randomized clinical trial would be able to definitively eliminate residual confounding inherent in nonrandomized studies. As a result, this meta-analysis is by no means prescriptive, nor is it intended to demonstrate the superiority of one approach over the other in absolute terms. Furthermore, the median average follow-up in the included studies was 5.8 years, which is insufficient to adequately address the long-term impact of structural valve deterioration following the Ross procedure, which predominantly manifests into the second decade after surgery. Of note, the 2 studies with an average followup longer than 10 years included in this meta-analysis demonstrated superior survival in the Ross group.
33,36 Nonetheless, given the wide variability in published rates of reintervention following the Ross procedure, 44,46,60,61 further comparative studies with long-term follow-up are required to conclusively determine whether some of the benefits of the Ross operation over mechanical aortic valve replacement (eg, living substitute, optimal hemodynamics, avoidance of anticoagulation) are offset by an increased risk of late structural valve deterioration and reintervention. Recent evidence suggests that the root replacement technique may provide superior long-term survival and freedom from reintervention compared with the subcoronary implantation technique. 62 However, the effect of the technique used in patients who undergo the Ross procedure could not be assessed in this meta-analysis. In addition, the included studies did not report adequacy of anticoagulation (ie, adherence to treatment and time in therapeutic range) in the mechanical aortic valve replacement group, which could have an impact on rates of thrombosis and bleeding. Only 7 of 18 included studies specified the type of mechanical valve models used, and none stratified reported outcomes by type, making it impossible to assess differences in valverelated complications between different models of mechanical prostheses. The recent introduction of less thrombogenic mechanical valves requiring a lower target international normalized ratio (eg, On-X valve) 63 may affect comparisons with the Ross procedure in the future. It is also unclear how closely outcomes within each study might have been associated with individual surgeons' experience and level of comfort with each of the 2 techniques. Finally, the large number of statistical tests conducted in this analysis increases the risk of type I errors. As a result, outcomes with P values that are only slightly lower than the threshold of .05 should be considered as hypothesis-generating only because P values have not been adjusted for multiple testing.
Conclusions
In summary, data from this meta-analysis suggest long-term benefits of the Ross procedure in terms of association with Forest plot comparing the incidence of major bleeding following the Ross procedure vs mechanical aortic valve replacement (AVR). Individual study and pooled incidence rate ratios (IRRs) are also presented separately for the randomized clinical trial, and subgroups of matched/adjusted observational studies, and unmatched/unadjusted observational studies. The pooled incidence rate ratios with 95% CIs were calculated using random-effects models. IV indicates inverse variance weighting; SE, standard error.
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